Application of nonlinear vibro-ultrasonics to detect and characterise weak bonds and damage in adhesive by Josey, Patrick
 
 
 
 
 
 
 
 
 
 
 
 
 
THE UNIVERSITY OF QUEENSLAND 
 
 
Bachelor of Engineering and  
Master of Engineering (BE/ME) Thesis 
 
Application of nonlinear vibro-ultrasonics to detect and characterise 
weak bonds and damage in adhesive 
 
 
 
Student Name: Patrick JOSEY 
 
Course Code: ENGG7280 
 
Supervisor: Dr. Martin Veidt 
 
Submission Date: 30th July 2017 
 
 
 
A thesis submitted in partial fulfilment of the requirements of the Bachelor of Engineering and 
Master of Engineering (BE/ME) degree in Mechanical Engineering 
 
i 
Acknowledgements 
 
I would like to firstly thank Dr. Martin Veidt for being my supervisor for this research. Without him I 
would not have been able to take part in this research. His guidance helped me stay on course and 
complete the research and required submissions on time. Dr. Veidt was a wonderful mentor and a 
great person. Our weekly meetings were always enjoyable and helpful. Alongside Dr. Veidt was the 
University of Queensland Composites research group. Various members of this research group, namely 
Alessandro Carcione, have given me small insights into other research avenues and provided their 
opinion on my results. Without the support of the research group and Dr. Veidt, this research and 
would have been much more stressful than it was. 
 
I would like to thank my friend, Mark Papinczak, for our late-night discussions where we threw ideas 
back and forth. These discussions helped me to understand the underlying phenomena involved with 
the project, as well as helping me see a fresh perspective on the results. 
 
Finally, I would like to thank my family. They had to endure my anti -social behaviour for the past 5 
months where I would stay in my room all day working on this research, emerge for food, and then 
retire back to my room. Without their help and support, my degree would have been significantly more 
difficult than it was, and I am indebted to them for their love and support. 
  
ii 
Abstract 
 
Non-Destructive Testing (NDT) is an important field of mechanical engineering, in that it allows for 
cheaper and faster identification of flaws within a structure. Many NDT technologies using ultrasonics 
only detect specific flaws within a structure, and can fail to detect a broader range of flaws/defects. 
Nonlinear ultrasonic NDT is a variation of ultrasonic NDT which utilises two ultrasonic waves of varying 
frequencies to improve detectability of small inhomogeneities. The lower of these frequencies is called 
the pumping frequency, and the higher frequency is referred to as the probing frequency. These two 
waves interact with flaws within a structure and produce modulations (called sidebands).  The 
amplitude of the sidebands vary with a changing input amplitude of the pumping frequency. The rate 
of change of the sidebands is referred to as the nonlinearity of the structure. This thesis aimed to 
determine whether a correlation between the nonlinearity of an adhesive bond and the strength of 
the bond, as characterised by a single lap shear test, could be found. 24 samples were produced, each 
consisting of a 100μm 2-part epoxy adhesive layer between two 4mm thick aluminium plates. These 
samples possessed various types of flaw, including weak bonds, air pockets within the adhesive, large 
open voids, and various materials imbedded within the adhesive. No correlation between the strength 
of the bonds and the nonlinearity of each sample could be found, primarily resulting from the 
extremely low inherent nonlinearity and comparatively high uncertainty in nonlinearity 
measurements. It was postulated that the material properties of the adhesive may have masked the 
flaws from the ultrasonic method, and thus it was recommended that different adhesives and different 
experimental configurations be tested in future work to investigate their impact on the ultrasonic 
results. 
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1. Introduction 
Non-Destructive Testing (NDT) is a field of physical analysis methods used to test a structure’s integrity 
without further damaging it. It is a technology which, when fully developed, has many advantages over 
other in-use testing applications. Possessing the ability to test a structure without damaging it is a 
more cost-effective and suitable practice for components in sustained operation, such as aircraft, 
whereby removing or physically testing the structure renders it inoperable. There are numerous ways 
in which a structure can be tested non-destructively. This project focusses on NDT using vibro-
ultrasonics as a beneficial method of analysis of flawed structures. 
 
NDT using ultrasonics was first conceived in 1940 by F. Firestone. He proposed that one could detect 
inhomogeneities of density by vibrating an object with vibro-ultrasonic waves and analysing how those 
waves have passed through the material in the structure (Firestone, 1942). Since then, there have been 
some variations made to the method stated in Firestone’s patent, and each variant possesses several 
strengths and weaknesses. Using non-linear vibro-ultrasonics for NDT is a technology that has been 
shown to produce viable results (Jhang, 2009), however whilst theory and experimentation show that 
the detection of inhomogeneities is possible, results are highly susceptible to small changes/external 
influences and the repeatability of results can be an issue (Maschio, 2016). 
 
The theory behind using NDT and non-linear vibro-ultrasonics to examine a structure is simple. The 
first basic assumption that is made and taught to students when analysing material properties, is that 
the material is linear and homogenous. This assumption is imbedded in most formulae related to 
material analysis, and is a sound assumption in most applications. A small thought experiment can be 
set up to investigate how this applies to NDT using non-linear vibro-ultrasonics. The non-linear part of 
the NDT method in question is derived from the two frequencies which are applied to the structure to 
be tested. These two frequencies are titled the ‘pumping’ frequency, and the ‘probing’ frequency, the 
probing frequency being higher than the pumping frequency. In the thought experiment, there are 
two materials, one linear, and one non-linear. Now, the two frequencies are applied to both materials. 
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When the two frequencies interact through a linear material, they superimpose, and if a Fast Fourier 
Transform (FFT) is conducted on the linear material, two distinct points would be seen one correlating 
to each input frequency. The FFT for the non-linear material would however show multiple points, as 
the two frequencies no longer superimpose, but produce a waveform which exhibits acoustic beats. 
This change is due to sideband frequencies which appear in the FFT. The sidebands are located at 
multiples of the pumping frequency above and below the probing frequency. This thought experiment 
and the outcomes are shown in Figure 1.1. 
 
Figure 1.1: Linear and nonlinear system characteristic responses 
 (Dunn, et a l., 2016) 
 
Mathematical analysis suggests that the results obtained from the NDT of materials using ultrasonics 
can be used to estimate the strength of the material (Achenbach & Parikh, 1991). This project hopes 
to investigate this connection, and produce an experimentally derived correlation between the bond 
strength and the nonlinearity results from NDT. If a correlation between the bond strength and the 
results from the NDT can be found, the use of NDT in industry will become increasingly attractive. The 
use of NDT on aircraft, for example, would allow the maintenance crew to inspect a suspect part on 
the aircraft with increased confidence whilst the aircraft is in the terminal between landing and taking 
off. Early damage detection of flaws in structures, such as composite laminate, improves the safety 
and reliability of the aircraft. Being able to better test aircraft in a shorter time will reduce delays and 
streamline damage assessment. 
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1.1. Goals 
The goal of this research is to find a discernible trend between the magnitude of nonlinearity observed 
within an adhesive bond, and the shear strength of the bond. Achieving this goal would help push 
nonlinear vibro-ultrasonic testing forward as being a viable method of not only testing the integrity of 
an adhesive bond, but to also enable someone to estimate the breaking force of said adhesive bond in 
shear. 
 
To achieve this goal, the final objective of this research is to correlate the extent of nonlinearity of the 
adhesive bond (as detected via nonlinear vibro-ultrasonics) and correlate that with the shear strength 
of the adhesive bond as measured via a single lap shear test. In order to achieve this, additional interim 
objectives must be met, including the development of a reproducible manufacturing process for 
samples, and methods for maintaining consistent bond thickness (which are in alignment w ith what is 
used in industry). 
 
1.2. Report Structure 
This report outlines the results and achievements of the project. The sections of the report are as 
follows: Section 2: Literature Review, will present a critical and independent examination of other 
work completed which is related to NDT using vibro-ultrasonics. Section 3: Experimental Design and 
Method will present the design of the samples and testing apparatus along with the justification for 
sample choices. Section 4: Results and Discussion will detail the experimental results and an 
interpretation of the results, discuss trends and analyse findings. Section 5: Reflection will reflect on 
the professional and personal skills developed throughout the course of the project. The report will 
then be summarised in Section 6: Conclusion.   
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2. Literature Review 
This section of the report covers background information pertaining to the research topic. It looks at 
the origins of ultrasonic NDT as well as some common applications of ultrasonic NDT. The theory 
behind nonlinear ultrasonic testing is then introduced and related to the research conducted.  
 
2.1. Origins of NDT 
Firestone’s patent (1942) was the first use of high frequency vibrations to detect flaws within a 
structure. In the patent, he detailed an invention of his own design which transmits high frequency 
vibrations through a structure and then using a receiver device to detect the vibrations. The time delay 
between the vibration waves being produced and then received by the detector at various points on 
the structure’s surface was what Firestone used to detect flaws in the structure’s material  (Firestone, 
1942). 
 
One of the major downfalls of Firestone’s method is the time it takes to analyse a part  in that it requires 
the receiver to be moved to different locations on the surface on the structure (which is time 
expensive. Furthermore, the receiver’s position needs to be highly accurately known, as the time delay 
changes are in the order of milliseconds, and the repositioning of the receiver introduces possible 
recurring and uncontrollable errors in the placement of the receiver. Since this pate nt, other non-
destructive testing methods using ultrasonics have been developed. Some of these methods include: 
pulse-echo methods (Grandia & Fortunko, 1995), ultrasonic velocity measurement methods (Adams & 
Cawley, 1988), and using the reflected wave modulation from a crack to detect a crack’s location  
(Yamanaka, et al., 2007). 
 
2.2. Ultrasonic Non-Destructive Testing Variants 
Numerous types of non-destructive ultrasonic tests currently exist and are used by various companies. 
Each of the different methods of ultrasonic testing has its benefits and its downfalls. This section of 
the literature review will examine some of these testing methods. 
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2.2.1. Pulse-Echo Method 
Pulse-Echo is one method employed by engineers to detect flaws within a structure. It utilises a 
piezoelectric transducer to send a small pulse into the structure. This pulse travels through the 
structure and reflects off the far side of the structure, returning to the piezoelectric transducer which 
can detect the returning pulse. If any significant change in density or material properties occurs within 
the structure suddenly, the approaching pulse will be reflected off the interface between the two 
material properties the same way a ripple in water reflects off the side of a bucket. Figure 2.1 shows 
this principle graphically. 
Figure 2.1: Pulse-echo method 
(Wikipedia, 2017) 
 
One of the major downsides of the pulse-echo method, is the inability for the detection of thin flaws 
which lie parallel to the direction of the pulse. The method is unable to detect such flaws because the 
pulse produced by the piezoelectric transducer does not reflect off the flaw with sufficient magnitude 
for detection. 
 
2.2.2. Phased Array Method 
Phased array methods are similar in concept to the pulse-echo method, however an array of small 
piezoelectric transducers allows for a wider variation of crack directions to be detected. Through 
careful controlling of the pulses sent from the piezoelectric transducers, a computer can change the 
focal point of the array by varying the timing of the pulses, detecting the location of the crack much 
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more precisely than a classical pulse-echo system with a single transducer. Phased arrays and pulse-
echo applications are unable to reliably detect bondline damage near an interface between two 
materials within a structure; the method is unable to reliably differentiate between two close 
inhomogeneities due to the noise of the pulse signals (Olympus NDT, 2007). 
 
2.2.3. Pitch-Catch Method 
Pitch-catch method is another ultrasonic NDT method, with the benefit of being able to detect bond 
line defects, at the expense of reliably detecting other forms of defects. This method uses a single 
probe, where the probe is passed across the surface to detect bond line defects. The probe consists of 
a transmitting transducer and a receiving transducer, held at a distance apart from each other. The 
transmitting transducer transmits a continuous vibration into the structure being tested, the receiving 
transducer detects some of the transmitted vibrations (Olympus Corporation, 2017). The vibrations 
enter the structure and propagate through the structure, but if the probe is passed over an area with 
a debond, the transmitted vibrations can only propagate towards the receiver rather than freely into 
the structure. This change in propagation of the transmitted wave can be detected by the receiver and 
allows the pitch-catch method to detect bondline defects (Olympus Corporation, 2017). This method 
is excellent at detecting bondline defects, but is poor at detecting other defects. Figure 2.2 shows how 
the transmitted vibrations propagate over a pristine structure, and a flawed structure. 
 
Figure 2.2: Pitch-catch method 
(Olympus Corporation, 2017) 
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2.2.4. Through Thickness Methods 
Through thickness methods are NDT variants where the transmitter and receiver are located on 
opposite sides of the structure being tested. The two sensors must be aligned in the same normal plane 
to each other. The benefit of these methods is the ability for them to detect bondline defects, like the 
pitch-catch method, as well as flaws within the structure like the pulse-echo method. This method, 
however, cannot determine the depth off the flaw (Kapadia, 2008), and requires access to both sides 
of the structure to test it (an obvious disadvantage for certain applications). Through thickness tests 
work by measuring the magnitude of the ultrasonic vibrations after they pass through the structure. 
Flaws within the structure reduce the magnitude of the received wave, and thus the presence of flaws 
can be detected. 
 
2.3. Nonlinear Vibro-Ultrasonic Testing 
This section of the literature review covers the principles behind nonlinear ultrasonic testing, as well 
as a comparison between linear and nonlinear testing methods. 
 
2.3.1. Linear vs Nonlinear Vibro-Ultrasonics 
The term ‘linear vibro-ultrasonic non-destructive testing methods’ refers to methods where a single 
frequency is used to analyse the structure, in comparison to ‘nonlinear vibro-ultrasonic non-
destructive testing methods’ where two or more superimposed frequencies are utilised to analyse the 
structure. All the methods in Section 2.2: Ultrasonic Non-Destructive Testing Variants use linear vibro-
ultrasonics. 
 
Su et al. (2014) investigated and compared the difference between linear and nonlinear vibro-
ultrasonic methods. In their paper, they created a mathematical model for both the linear and 
nonlinear methods they chose to investigate, and concluded that nonlinear vibro-ultrasonic methods 
provide much better detectability of small scale imperfections in the structure when compared with 
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linear vibro-ultrasonic methods. However, they noted that linear methods offered less noise and thus 
more discernible results than the nonlinear methods (Su, et al., 2014). 
 
2.3.2. Wave Spectroscopy Methods 
Meo et al. (2008) examined two methods for detecting delamination in aerospace composites in their 
paper titled ‘Detecting Damage in Composite Material Using Nonlinear Elastic Wave Spectroscopy 
Methods’. One of the methods they investigated they titled ‘Nonlinear Wave Modulation 
Spectroscopy’, and this method involved exciting composite plates at their first and third resonant 
frequencies. The amplitude of the excitation frequencies was altered through their experiment and 
sidebands were noted on damaged samples, whereas they were absent on pristine (undamaged) 
samples. Figure 2.3 is sourced from their paper and was used as an example of an undamaged, and a 
damaged sample’s response. In their paper, they drew a distinct correlation between the sideband 
presence and the level of damage the sample had sustained. 
Figure 2.3: Fast Fourier transform of samples 
(LEFT: Undamaged sample, RIGHT: a damaged sample) (Meo, et al., 2008) 
 
Meo et al. (2008) went on to investigate the correlations between delamination area and the relative 
magnitudes between the fundamental and third natural frequencies, and the correlation between the 
delamination area and the magnitude of the sidebands. They found that the damage size was directly 
correlated to the sideband magnitude. 
 
Using sidebands to detect delaminations in composite beams has been investigated by Guinto, et al. 
(2016), Dunn, et al. (2014), Dunn, et al. (2016), and Blanloeuil, et al. (2016). Through these works, the 
ability for the nonlinear vibro-ultrasonics to detect delaminations in composite beams has been 
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demonstrated. Finite element models of delaminations in beams were also created and analysed with 
nonlinear vibro-ultrasonics, confirming the physical experimentation conducted. These papers provide 
great confidence in the ability for nonlinear ultrasonic testing to detect delaminations in beams and 
cracks in composite plates. Klepka, et al. (2011) used this method to detect cracks within an aluminium 
plate providing merit to the idea of using wave spectroscopy methods for detection of various types 
of flaws within structures and give reason to conducting additional research with the wave 
spectroscopy method. 
 
2.3.3. Sideband generation 
The sidebands within a nonlinear material are generated from inhomogeneities within the material 
(Dunn, et al., 2016). Consider a small crack within a material. If a low frequency vibration is applied to 
the material in a way such that the vibrations traverse the material perpendicular to the crack area, 
the vibrations will cause the crack to open and close as the compressions and rarefactions pass through 
the crack area. If a high frequency vibration is also applied to the same material perpendicular to the 
crack area, the high frequency wave’s traversal will be inhibited when the crack is open (in a low 
frequency rarefaction), however the high frequency will be minimally inhibited when the crack is 
closed. This phenomenon causes a modulation effect to the high frequency vibration, i.e. the 
generation of sidebands (Guinto, et al., 2016). This modulated wave can be seen in Figure 2.4. 
Figure 2.4: Modulation of ultrasonic waves by a crack 
(Jhang, 2009) 
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Cracks within a material cause sidebands to occur, however the example given only explains how the 
first sidebands occur. The higher sidebands are partly caused by nonperfect linear elastic properties in 
the material (they are shown to increase in magnitude inversely proportional ly to the degradation in 
elastic properties due to fatigue) (Jhang, 2009). The higher harmonics are also partly caused by the 
rough nature of cracks and the physics involved at the interface of the crack surfaces, as shown by 
Pecorari (2014). His paper looked at the propagation of nonlinear waves through rough cracks, and 
takes an entirely theoretical approach to examining rough cracks. In his paper, he develops a model 
demonstrating the physical response of rough cracks. Donskoy, et al. (2001) show that the method can 
detect cracks, debondings, delaminations, and microstructural material damages. Pecorari’s work 
(2014), along with Blanoeuil, et al.’s work (2016), show that simulations of cracks using finite element 
analysis produces sidebands. This eliminates the possibility of an external phenomenon creating the 
sidebands. 
 
2.4. Weak Bond and Flaw Creation 
Dunn, et al. (2012), and Jeenjitkaew & Guild (2017) both examined the creation of weakly bonded 
surfaces by applying Frekote mould release (manufactured by Henkel) to the bonding surface prior to 
the adhesive. The Frekote prevents the adhesive from creating a chemical bond with the adherend, 
thus enabling the creation of an artificial kissing bond. Kissing bonds are a serious issue for aircraft 
construction (Jeenjitkaew & Guild, 2017). Dunn, et al. (2012) analysed the material properties for 
Frekote induced weak bonds, concluding that the bonds exhibited 20% less shear strength than that 
of a good bond in a lap shear test, and that the bond formed was a kissing bond. A kissing bond is a 
bond where two surfaces are in close contact, however the bond strength between the two surfaces 
is significantly reduced (Wood, et al., 2014). Figure 2.5 is taken from Jeenjitkaew and Guild (2017), and 
shows the clear debonding effect of the Frekote on the bond when applied. The darker patches on the 
top and bottom pieces indicate the locations where the Frekote was applied. The lighter area around 
the debonded area is adhesive which has successfully adhered to the surface, and remained on the 
surface after the sample was disassembled. 
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Figure 2.5: Frekote's effect on bonds 
(Jeenjitkaew & Guild, 2017) 
 
2.5. Application to This Research 
Wave spectroscopy methods show great potential in their ability to detect a variety of flaws within 
composite materials, namely delaminations and weak bonds. The ability for through thickness wave 
spectroscopy methods to detect flaws within adhesive bonds when used in a through thickness 
arrangement has not been examined in detail before. The through thickness arrangement should allow 
the ultrasonics to detect all types of flaws, and the nonlinear nature of the testing method should 
increase the sensitivity of the test to smaller flaws. This research hopes to investigate the application 
of the wave spectroscopy method to through-thickness detection of flaws within adhesive bonds. It is 
hypothesised that as the nonlinearity of a bond increases, the strength of the bond will decrease. This 
research hopes to build upon the work of Dronkoy et al. (2001) who showed that the ultrasonic method 
could detect various types of flaws within a variety of materials. This research will utilise similar sample 
manufacturing methods to that of Jeenjitkaew and Guild (2017) and Dunn et al. (2012) by using Frekote 
to create weak bonds within some samples. 
  
 
Sample material 
Debonded area 
Adhesive remaining 
on surface 
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3. Experimental Design and Method 
This section of the report presents the design for the samples, along with the design of the apparatus 
used to test them. The experimental procedures used are also presented.  
 
3.1. Experimental Design 
From this point onwards, two definitions need to be assigned: sample design, and sample 
configuration. Sample design refers to the shape and design choices for the shape of the samples, 
whereas sample configuration refers to the different samples and how their differences are used to 
test varying bond types. This section refers to the sample design, whereas Section 3.4: Experimental 
Tests looks at the sample configuration. 
 
The experimental samples consisted of two small aluminium plates fixed together using Loctite Hysol 
3421 2-part Epoxy. This adhesive was selected because it possessed desirable material properties, 
namely the cure time and bond strength (Loctite Corporation, 2017). Figure 3.1 shows the dimensions 
of the aluminium plates which were adhered together using the epoxy. Two of the pieces titled 
‘lollipop’ pieces were glued to each other to create a test sample (see Figure 3.2). This geometry was 
chosen to aid alignment of samples for testing, and so that the single lap shear tests were possible. 
Later in the experimentation, two pieces of aluminium with a second shape were glued to the test 
sample. This second shaped piece was titled a ‘spacer’ piece, similarly depicted in Figure 3.1. 
Figure 3.1: Drawing of the parts 
(LEFT: spacer, RIGHT: lollipop, dimensions in mm) 
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The pieces were cut from a large sheet of aluminium using a water-jet cutter. As such, the edges of 
each piece were not perpendicular to the flat faces, but have a slight slant. Because of this slant, the 
two faces of each piece were referred to as the larger and smaller faces of the piece. Two lollipop 
pieces were glued as shown in Figure 3.2 with the smaller faces pointing outward (this was so that the 
transducers in Figure 3.5 fit flush with the edge of the sample piece, aiding with reproducible accurate 
alignment of the samples). The circular section of the lollipop piece was designed to fit exactly with 
the driving face of the 100kHz transducers used during testing (shown in Figure 3.5). 
 
Figure 3.2: Sample design 
 
The samples were aligned during assembly using a gluing jig. The gluing jig’s design is shown in Figure 
3.3 and Figure 3.4. The purpose of the gluing jig was to aid in the production of reproducible samples 
with consistent alignment and adhesive layer thickness. The thickness chosen for experimentation was 
100μm, as this is a thickness used in the aerospace industry for adhesive layers (Taupin, et al., 2016). 
Thickness measurements during early testing showed that this value was difficult to achieve, however 
if the adhesive layer was thicker than 100μm the results should not have been adversely affected if 
the layer thickness was constant (Davies, et al., 2009). A small weight was placed atop the gluing jig 
whilst the sample was setting, to make sure the adhesive layer doesn’t expand during curing.  The 
weights of the masses used were 135g, 133g, and 130g. 
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Figure 3.3: Gluing jig design 
 
 
Figure 3.4: Sample location within gluing jig 
(TOP LEFT: no sample, BOTTOM LEFT: One piece of a sample, RIGHT: Both pieces of a sample) 
 
Figure 3.5 outlines the experimental setup used. The setup involved placing the sample to be tested 
between two 100kHz transducers. The top transducer was used to produce the high frequency probing 
wave for the investigation. A modified speaker was firmly attached to the top transducer to produce 
10mm 
10mm 
10mm 10mm 
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the lower frequency pumping wave. A marble was glued to the speaker so that it could send larger 
amplitude vibrations through the test sample due to the increased inertia of the speaker driving face. 
 
Figure 3.5: Experimental setup 
 
After the samples were examined using nonlinear vibro-ultrasonics, the samples were to undergo a 
single lap shear (SLS) test. Prior to this, the spacer pieces of aluminium were glued onto the sample. 
These were glued on by hand such that the sample looked like what is shown in Figure 3.6. The spacers 
were to help alignment of the grips during the SLS test. 
 
Figure 3.6: Sample design with spacers attached 
 
3.1.1. Sample Preparation 
Each sample was prepared in the same manner. The two lollipop piece’s large sides were sanded using 
320grit sandpaper until the surface oxide layer was removed (It was noted that the aluminium became 
lighter in colour when this occurred, and the sanding was stopped when the entire surface was a 
uniform lighter colour). The lollipop piece’s large sides were then sanded using 400grit sandpaper for 
50 rotations. The sanding motion for both grits involved the lollipop piece moving in a figure-8 motion 
across the surface, and a full completion of this motion was called a rotation (i.e. the 400grit sand ing 
process involved the lollipop piece undergoing 50 figure-8 motions). The figure-8 motion was chosen 
so that the surface was evenly sanded with no distinct direction for sanding marks. 
 Modified speaker, with marble 
 
 
 
 High frequency transducer 
 
 Sample 
 
 
 Receiving transducer 
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After the pieces were sanded using the 400grit sandpaper, the pieces were washed under water to 
remove the aluminium dust caused by the sanding process. The pieces were then dried and the sanded 
surface was flooded with acetone and left to dry in a fume cupboard. The acetone acted to remove 
fingerprints and other contaminants from the aluminium surface. After the acetone had dried, the 
sample was ready for gluing. 
 
The glue was dispensed from a 2-part tube using a glue dispenser gun. A mixing nozzle sourced from 
Henkel was used to mix the glue consistently for each sample directly onto the gluing surface of the 
sample. The volume of glue dispensed for each sample was adequate for adhesion to occur with excess 
glue present. The excess adhesive was trimmed and removed after the adhesive was cured.  
 
3.2. Experimental Method 
The nonlinear vibro-ultrasonic testing (forthwith referred to as ‘the ultrasonic testing’), was conducted 
under standard laboratory conditions. The testing apparatus was set up as shown in Figure 3.5. The 
testing was controlled by a PC running a custom-built program within LabView. The program was 
designed to control the apparatus and detect sidebands in the response signal. This program was used 
extensively to collect data throughout the research. The program controlled a Rigol DG1032Z signal 
generator, which controlled the 100kHz transducer and the low frequency speaker. The receiver 
transducer was connected to a custom-built ADC which was connected to the computer. The computer 
and the program analysed and interpreted the input signal and returned the sideband ratios. 
 
When a sample was to be tested, it was to be placed between the two 100kHz transducers. First, some 
Molygrease EP 3% (from Penrite) was placed on the receiving transducer to act as a couplant between 
the transducer and the sample. The sample was then placed atop the grease and moved in a circular 
motion with moderate downward pressure as to uniformly spread the grease and remove air pockets. 
A similar process was used to place a second layer of grease beneath the top 100kHz transducer. The 
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sample was then aligned between the two transducers and the testing commenced. The alignment 
process involved moving the sample such that the sample edges were flush with both transducers.  
 
Testing involved powering the 100kHz transducer with a 100kHz signal and the low frequency speaker 
with a 70Hz signal. The selection of frequencies is detailed in Section 3.3.2: Transducer Displacement 
Testing. The program varied the input voltage to the low frequency speaker from 2V to 6V, as this 
voltage range was within the linear working range of the speaker. The linear working range of the 
speaker is the range within which the speaker returns a linear increase in displ acement given a linear 
increase in input voltage. 
 
The SLS testing was completed using an Instron 5584 machine, and the testing was completed at a 
speed of 1mm/minute in accordance with ASTM D1002. 
 
3.3. Initial Testing 
Initial proof-of-concept testing was implemented early in the research period in order to explore the 
concept of vibro-ultrasonic NDT, validate the continuation of the proposed research, and to gain 
competency and familiarity with the experimental apparatus. After the proof-of-concept tests were 
completed, an investigation into the displacement of the transducer was conducted so that the 
resonant frequency of the speaker would be known, and to investigate the mode shapes present on 
the driving face of the transducer. 
 
3.3.1. Proof-of-Concept Testing 
The proof-of-concept testing involved four pristine samples made according to the method outlined in 
Section 3.1: Experimental Design, albeit a different adhesive was used. The proof-of-concept testing 
used an adhesive called Loctite Double Bubble (this adhesive was used prior to delivery of the desired 
Hysol 3421 epoxy). The same manufacturing methodology was employed for all samples in order to 
determine the inherent variability in the manufacturing method and sample preparation process.  The 
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natural deviation of nonlinearity between the samples was deemed reasonable for the proof-of-
concept testing.  
 
To start the proof-of-concept testing, two pristine samples were made. These samples were tested 
using the ultrasonic and lap shear methods described in Section 3.2. The aluminium pieces used in 
these samples were then reprepared and used to create a second pair of pristine samples, which then 
underwent the same testing procedure as the first pair. The same pieces of aluminium were reused so 
that it would be known whether the samples could be reused after the lap shear testing for making 
more samples, or whether new aluminium pieces would need to be cut for each batch. The reusability 
of the aluminium was important to minimise overall project costs and material usage. The results of 
the ultrasonic NDT testing for the proof-of-concept pristine samples are shown in Figure 3.7. 
 
Figure 3.7: Proof-of-concept ultrasonic NDT results 
 
The gradient of the regression of each sample’s data is referred to as the nonlinearity, and is the 
primary variable this research aims to correlate with bond strength. The nonlinearity of each sample 
and the corresponding bond strength as determined by the single lap shear test, is summarised in 
Table 3.1, and graphically represented in Figure 3.8. 
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Table 3.1: Proof-of-Concept Testing Data 
Sample Nonlinearity Bond Strength (kN) 
1a 4.566e-5 2.66 
2a 1.234e-4 1.85 
1b 2.406e-6 2.20 
2b 1.540e-6 2.16 
 
Figure 3.8: Nonlinearity comparison of proof-of-concept samples 
 
The initial experimental data indicated very little relation between the nonlinearity, as determined 
from ultrasonic NDT and the overall bond strength in shear. However, this may be attributed to the 
insignificant data size. The proof-of-concept testing did show that the aluminium pieces could be 
reused for multiple tests as the samples produced were quite reproducible in terms of bond strength 
(it was feared that degradation of the aluminium surfaces may have occurred). It was believed that the 
decrease in nonlinearity between the first pair of samples and the second pair of samples was due to 
the additional sanding the aluminium surface received during sample preparation for the second pair. 
Due to this observation, the sanding of future samples was conducted more carefully and thoroughly. 
 
3.3.2. Transducer Displacement Testing 
The driving transducer from the experimental setup was examined in more depth so that the natural 
frequency of the 100kHz transducer and low frequency speaker paring, and the mode shapes of the 
driving face of the transducer were known. It was important to understand the nature of the 
ultrasonics used when testing future samples. 
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This investigation started by attaching the low frequency speaker to the 100kHz transducer. This was 
completed by hand, using a hot glue gun to attach the speaker to the opposite face of the transducer 
to the driving face. The transducer/speaker was mounted approximately 30cm in front of a Polytec 
OVF – 303 Vibrometer Sensor Head using a retort stand and clamp. The transducer/speaker was placed 
such that the driving face of the transducer faced the vibrometer. Seven small reflective stickers were 
placed on the driving face of the transducer at specific locations. This was done so that the light from 
the vibrometer reflected off the transducer surface properly. The reflective stickers were placed as 
shown in Figure 3.9. 
 
Figure 3.9: Reflective sticker placement 
 
Stickers 1 through 5 were placed equidistant across a diameter of the transducer. Stickers 6 and 7 were 
placed in the top half of the driving face, at distances away from the centre along a radius equivalent 
to if they were between 2 and 3, and 1 and 2 respectively. Their purpose was to test whether the 
results obtained from the first 5 points were not observing a phenomenon only found along the first 
diameter. 
 
For this investigation, the speaker was powered at 3 volts, and a frequency varying between 40Hz and 
200Hz with 5Hz increments. The velocity of the driving face was measured at the locations of the seven 
reflective stickers. The velocity value was then converted into a displacement value using the relation 
expressed in Equation 1. 
 
1 3 2 4 
6 
7 
5 
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𝑆 =
𝑃2𝑃×10−3×5
2×𝜔
 Equation 1 
 
where: 
▪ S = Displacement of the driving face in mm 
▪ P2P = Peak to peak voltage for the velocity (the quantity measured by the Vibrometer) 
▪ ω = Frequency of vibration (the frequency of the speaker in Hz)  
 
The results from this investigation are shown in Figure 3.10. 
Figure 3.10: The changing transducer driving face displacement with frequency 
 
It was noted that all the lines followed a similar trajectory, but swapped relative positions at 
approximately 80Hz (the largest-displacement location, became the lowest-displacement location and 
vice versa, and the second largest-displacement location became the second lowest-displacement 
location and vice versa). The primary results of this investigation were: the transducer/speaker had 
two natural frequencies (approximately 70Hz and 90Hz), but the natural frequency at approximately 
70Hz was markedly more prominent, and the driving face did not vibrate with the fundamental mode 
shape (the face did not move in unison as a single body, but rather it had ripples which moved across 
the surface). Based upon the findings from this study, it was decided that 70Hz should be used for the 
duration of the main experimentation so as to apply the largest possible ultrasonic input magnitude to 
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the sample. A similar idea was applied by Mashio (2016) in his research where he investigated the 
natural frequency of his system and then used that frequency for his testing. 
 
An additional investigation was conducted using the same setup. The vibrometer laser was focussed 
to the central reflective pad, and the frequency was set to 70Hz. The voltage was varied between 0.5V 
and 6V. This investigation was conducted to find the working range for the speaker, so that future 
experimentation with this speaker could be conducted within the working range of the speaker. Figure 
3.11 shows the results of this investigation (the peak-to-peak voltage was the output voltage from the 
laser). Below approximately 0.6V, the response of the speaker diminished quickly, but above that 
point, it increased in an approximately linear fashion. Therefore, the working range of the speaker 
should be within that linear section, as using the speaker within this range allows for the speaker 
behaviour to be accurately predicted. It was noted that at the lower input voltages, the output voltage 
varied somewhat (the centre value of the range of variance was taken to be the actual value). Whether 
this was due to the accuracy of the laser and small numbers, or the speaker being unable to produce 
a consistent response, it was deemed unnecessary to use the lower voltages in future 
experimentations and as such would have no impact on the validity of experimental results. As such, 
the working range for future experiments was selected as 2V to 6V to ensure a linear speaker response 
and repeatability of results. 
Figure 3.11: Voltage investigation 
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3.4. Experimental Tests 
The primary experimental testing consisted of three batches of samples. Each batch was designed and 
manufactured after the results from the previous batch were analysed in order to refine the direction 
of investigation. The first batch aimed at expanding the sample size of the proof-of-concept testing 
and investigating the effectiveness of ultrasonic testing at detecting weak bonds. The second batch of 
samples aimed at investigating the ability for ultrasonic testing to detect physical flaws (e.g. edge gaps, 
imbedded inhomogeneities). The third batch of samples looked at creating samples with ‘process 
zones’ (areas near cracks and crack tips) and air pockets. These characteristics of these three batches 
and the required manufacturing processes are explained in more depth in this section. Each sample 
was constructed following the process in Section 3.1: Experimental Design (with the exception of 
additional steps for certain samples), and each sample was tested following the process in Section 3.2: 
Experimental Method. 
 
3.4.1. The First Batch 
The first batch of samples aimed at investigating the ability for the nonlinear vibro-ultrasonic testing 
method to detect weak bonds in adhesive layers. This batch consisted of 10 samples. The first three 
samples were called ‘pristine’ samples. These samples were the control samples and only had a glue 
layer without any additional preparation. Three samples were given three coats of Loctite Frekote prior 
to gluing (the Frekote was applied after the acetone bath). The Frekote was applied using a paper 
towel, wrapped around a wooden stirring stick. The stirrer and towel was then dragged across the 
surface of the aluminium, applying the Frekote with the long side of the stirrer. This application method 
was used so that the Frekote was given a consistent layer over the entire surface of the sample, as 
opposed to holding the soaked paper towel in hand resulting in varying pressure and inconsistent layer 
thicknesses. The Frekote soaked paper was dragged across the gluing surface of the sample once for 
each layer of mould release desired, with 5 minutes between each layer to allow the sample to dry, in 
accordance with the Frekote application instructions. Three additional samples were made with five 
coats of Frekote, applied in the same method as the 3-coat samples. The final sample was a 5-coat 
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Frekote sample, but it was applied using a fabric cloth as opposed to the paper towel used for the 
previous samples. This sample was made to compare the two application processes. To summarise, 
the following samples were made in the first batch: 
▪ 3x pristine samples 
▪ 3x 3-coat Frekote samples 
▪ 3x 5-coat Frekote samples 
▪ 1x 5-coat Frekote sample using cloth applicator 
 
3.4.2. The Second Batch 
The second batch was aimed at examining other flaws present within a bond. Due to the magnitude of 
variations possible here, each sample was made as a unique sample to test as many bonds as possible 
(this was done to investigate any bond which the ultrasonic method could detect in further detail by 
making additional samples of that bond type in the third batch). The samples created are shown in 
Table 3.2. 
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Table 3.2: Second Batch Samples 
Sample Description Additional Notes 
Aluminium Dust Aluminium dust from the 
sanding preparation process was 
added to the adhesive layer in a 
small pile in the centre of the 
sample. 
This sample was designed to 
create very small-scale flaws 
within the adhesive. 
Rubber Bubble The tip of a rubber glove was 
removed and an air pocket was 
sealed in it using the adhesive, 
this was then placed in the 
centre of the adhesive layer. 
This sample was a simple way to 
guarantee the presence of a large 
air bubble in the adhesive layer. 
Centre Void The adhesive was placed around 
the edge of the sample, as 
opposed to a complete coverage 
of the entire sample. 
This sample hoped to test the 
same as the rubber bubble 
sample, but without possible 
interference of the rubber around 
the bubble. 
Clear Plastic Insert A clear plastic section was 
placed on the edge of the 
adhesive section. 
The insert was folded in an S 
shape, and placed on the edge of 
the adhesive covering 
approximately 0.5cm of adhesive 
from the edge, so that a clear air 
gap was created on the edge of 
the bond. 
Teflon Insert Same as the clear plastic insert, 
but Teflon was used instead. 
This tested the same as the clear 
plastic insert, but tested the 
effect of a different material. The 
insert was placed in the same 
position as the clear plastic insert 
sample. 
Removed Teflon Wedge A Teflon wedge was placed in 
the adhesive layer, and after the 
adhesive had set, the Teflon 
wedge was removed from the 
sample to leave a defined void 
within the adhesive. 
This sample aimed at testing the 
ability for the ultrasonic testing to 
detect significant open voids in 
the sample. 
Teflon Strip A 15mm wide 400μm thick 
Teflon strip was placed across 
the adhesive of the whole 
sample, with both ends of the 
strip free of the adhesive. 
Aimed at testing the effect of a 
large, physically observable 
inhomogeneity within the 
adhesive layer. 
Wax Coating A wax mould release was 
applied to the sample following 
the application instructions on 
the packaging. 
This sample was a final attempt at 
the weak bond detection, by 
using a different mould release. 
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3.4.3. The Third Batch 
It was noted that in the first two batches, there was a lack of classical cracks or ‘process zones’ within 
the bonds. The third batch aimed at testing the effect of the process zone on the nonlinearity of the 
sample by attempting to introduce consistent, small scale cracks. Six samples were made in the third 
batch. Two samples were made with air bubbles embedded within the glue, one sample with more 
and larger bubbles than the other. The air bubbles were added to the glue by stirring the glue prior to 
the glue being applied to the sample. The stirring motion was similar to beating eggs, such that air was 
trapped within the glue. The sample with less air was stirred for 30 seconds with a small stirring motion. 
The sample with more air was stirred for 60 seconds with a larger stirring motion, in an attempt to 
introduce larger bubbles. The last four samples were made similarly to each other. Small glass balls 
were introduced to the adhesive layer prior to the adhesive’s application to the sample. Two of the 
samples used a smaller diameter ball (approximately 200μm), with 0.5g of balls mixed with the 
adhesive for one sample, and 2g of balls mixed with the adhesive for the second sample. The final two 
samples used a larger diameter glass ball (approximately 300μm), with 0.5g and 2g of balls being added 
to the adhesive prior to the adhesive’s application to the samples.  
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4. Results and Discussion 
This section presents the results from the experimentation, as well as in-depth discussion to explain 
the trends present within the results. Section 4.1: Experimental Results and Analysis introduces the 
experimental data, and discusses and analyses the data. Section 4.2: Discussion presents the potential 
reasons behind the data showing the trends it does, as well as recommendations for improving the 
work, and potential avenues for future research. 
 
4.1. Experimental Results and Analysis 
The first results to report are the results from the first batch of testing. This batch involved the 
following samples: 3x pristine, 3x 3-coat Frekote, 3x 5-coat Frekote, and 1x 5-coat Frekote with a cloth 
applicator. The pristine samples acted as the control sample for the experiment and were a comparison 
point for all the other samples. The 3x 3-coat Frekote and the 3x 5-coat Frekote samples were aimed 
at testing the ability and sensitivity of the designed nonlinear testing apparatus to detect weakly 
bonded adhesives. The final sample in this batch was the 1x 5-coat Frekote with a cloth applicator. This 
sample was to test a hypothesis where the paper towel applicator used in the other Frekote samples 
was too abrasive and was inhibiting the ability to apply multiple Frekote layers. It was thought that the 
paper towel applicator may have been removing the previously applied Frekote layers when a new 
layer was applied, and if this hypothesis was shown to be correct, then the 3-coat Frekote and the 5-
coat Frekote samples would instead be classed as equivalent 1-coat Frekote samples. The cloth 
applicator was chosen to be less abrasive than the paper applicator. Figure 4.1 shows the data for the 
first batch, and shows the breaking load for the lap shear test compared with the nonlinearity value 
for each sample. This figure will have the data for batch two and three added to it throughout this 
section, and it is hoped that a trend will form from the data relating the nonlinearity and the bond 
strength of each sample. 
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Figure 4.1: Batch one data comparison 
 
In Figure 4.1, the data appeared to take on two groupings. The higher strength grouping involved the 
pristine data, along with the cloth sample, and the second, lower strength grouping included both the 
5-coat and the 3-coat Frekote data. The presence of these two groupings was very encouraging, as it 
meant that the samples fell into two groups, and whilst there is variance within the data of each 
grouping, all the samples within that grouping could be characterised and share similarities with each 
other. The lower group consisted of all the Frekote samples, except for the cloth applicator sample. 
The cloth applicator sample was found within the top grouping, along with the pristine samples. The 
cloth applicator sample having similar data to the pristine data in terms of both failure load and 
nonlinearity suggested that the cloth did the exact thing it hoped to prevent: the abrasion and removal 
of the previously created Frekote layers. If the cloth applicator was sufficiently abrasive to remove the 
Frekote layers, the sample produced by the cloth applicator would exhibit similar properties to the 
pristine samples, as confirmed by this data. A point of note with the 5-coat Frekote samples, was that 
only two of the three samples created are shown in Figure 4.1. The third sample disintegrated prior to 
the lap shear testing, and thus no strength data could be collected for it (the sample broke as it was 
inserted into the Instron machine). 
 
The second batch of data was added to Figure 4.1. The second batch aimed at examining the ability for 
the ultrasonic system to detect more physical flaws than the weak bonds created in the first batch. 
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The term ‘physical flaws’ refers to flaws which are clearly observable. For the first batch, it was 
expected that the nonlinearity for each sample would have been vastly different and easy to 
differentiate between the weak bonds and the pristine samples based off  the ultrasonic data (It was 
expected that the weak bond samples would have had a higher nonlinearity than the pristine samples). 
As this was not the case, each sample for the second test was made as a unique sample. This was to 
test a much larger array of possible flaws and to extend the scope of experimentation from the weak 
bonds. The following samples were made: aluminium dust, rubber bubble, centre void, clear plastic 
insert, Teflon insert, removed Teflon wedge, and Teflon strip. The configuration of what differentiates 
these samples can be found in Table 3.2 in Section 3.4.2: The Second Batch. Adding to Figure 4.1, Figure 
4.2 shows the second batch’s data alongside the data from the first batch of samples.  
 
Figure 4.2: Batch Two Data Comparison 
 
A point of interest for the second batch data, is that it formed a group to go alongside the two 
groupings from the first batch. This third grouping had a moderate load in comparison to the higher 
load of the pristine grouping. The exception of this was the wax sample, as it could be found alongside 
the other mould release samples at a low failure load. These groupings can be seen in Figure 4.3. The 
red oval representing the pristine data, the blue oval representing most of the second batch’s ‘physical 
flaw’ data, and the orange oval representing the weakly bonded mould release samples. 
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Figure 4.3: End of Batch Two Groupings 
 
A trend in the data suggesting a correlation between the bond strength and the nonlinearity of the 
bond is still illusive after the addition of the second batch of data. It was interesting to note that the 
pristine data and the physical flaw data are very close and it could be argued that some of the physical 
flaw data could be grouped with the pristine data, namely the Teflon edge and the clear plastic edge 
samples. These two samples had a higher strength than the other physical flaws and had a similar 
strength to the weakest pristine bond. The strength of the Teflon and clear plastic edge bonds made 
sense, as the flaw did not intrude enough into the adhesive nor reduce its effectiveness as greatly as a 
large air pocket or a wider piece of Teflon, for example. It was believed that the presence of the Teflon 
and clear plastic did alter the strength of the bond, however not enough to significantly reduce it from 
the pristine sample strength. 
 
It was encouraging that the weakly bonded grouping at the low strengths was distinct from the 
remainder of the data. This showed that the weak bonds formed possessed properties which were 
expected of a weak bond, and thus the weak bonds were created correctly. Overall the strength of 
each sample could be justified and made sense, with the pristine being stronger than the physical 
flaws, and the physical flaws being stronger than the weak bonds. This trend was expected from the 
samples. 
Pristine 
Weakly bonded 
Physical flaws 
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After analysis of the two batches, and re-reviewing the background literature for the research, it was 
noted that the nonlinear technology had been shown to detect delaminations in composite by Dunn 
(2014) among others. The theory behind the nonlinear ultrasonic method, is that nonlinearity 
modulations arose due to the presence of cracks. It was noted, however, that the samples created in 
the second batch did not explicitly create any cracks. The samples had flaws, and cracks may have 
arisen due to minor wear before testing, but the potential presence of these cracks was unknown prior 
to testing, and thus could not be quantified. 
 
Introducing accurate, reproducible, and quantifiable cracks into a bond is difficult, and thus the 
samples in the third batch were designed to create interactions similar to cracks, if not creating cracks 
themselves. The following samples were made: more bubbles, fewer bubbles, 0.5g small balls, 0.5g 
large balls, 2g small balls, and 2g large balls. The two bubble samples were made by agitating the 
adhesive prior to application to the sample. The bubbles were introduced to the  adhesive in the same 
manner; the adhesive was agitated using a motion similar to beating eggs. Originally these two samples 
were hoped to contain bubbles of differing sizes, however practically adding bubbles of differing sizes 
with reproducible accuracy to the adhesive is difficult. Thus, the samples were made to have more, or 
fewer bubbles. The more bubbles sample was agitated for 60 seconds with a larger motion than the 
fewer bubbles sample, which was agitated for 30 seconds. The difference in the agitation size was an 
attempt to create larger and smaller bubbles in the samples, whereas the difference in agitation length 
was aimed at increasing the number of bubbles within the adhesive layer. The ball samples were made 
with the idea that the presence of the glass balls would create small scale cracks due to the glass not 
expanding nor contracting during the curing process of the adhesive, and the contact point between 
two glass balls would create a kissing bond and act like a crack surface. The use of larger and smaller 
diameter glass balls was to investigate whether there was a correlation between the ball size and the 
level of nonlinearity experienced by the bond. The two different masses of balls used (and hence 
density of balls within the bond) was to create samples with varying nonlinearity using the same sized 
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glass ball (the sample with more glass balls would have generated more cracks and kissing bonds than 
the sample with fewer glass balls). Adding to Figure 4.2, Figure 4.4 includes the data from batch three, 
and summarises all the data collected from the experimentation. 
 
Figure 4.4: All Data Comparison 
 
All the samples from the third batch had similar strength to the physical flaws from batch two except 
for the 2g of small balls sample. This sample had a higher strength than the pristine samples. This high 
strength was unexpected. The sample failed in an interesting manner and may explain the high 
strength. It was the only sample to fail largely in an adhesive-adhesive bond failure. This is discussed 
more in Section 4.2.1: Presence of Air Pockets in the Adhesive Layers. The nonlinearity of each of these 
samples was, on average, lower than any of the other groupings from the previous tests; it had a lower 
nonlinearity than the pristine samples, the weakly bonded samples, and the physical flaw samples. 
 
Looking at the nonlinearity of each sample, it appeared that there was a slight trend, however the 
accuracy of this trend needed to be examined in much more depth than simply placing a line on a 
graph. The blue line in Figure 4.5 shows the potential trend mentioned. 
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Figure 4.5: Potential trend in data 
 
An additional sample was created and ultrasonically tested. This sample consisted of a normal pristine 
sample, except that no adhesive was used, so the sample had a bond strength of zero. Whilst this 
sample is an extreme edge case and needed to be treated as such, it was thought that the nonlinearity 
value was to be the maximum possible for any sample this experiment could create due to the large 
unbonded area. The nonlinearity value for this sample was 0.02650. This was a nonlinearity 
approximately 110 times larger than the next highest nonlinearity (one of the pristine samples). An 
experienced technician observed the results and, based off his experience, said the results show a very 
low nonlinearity (2017, personal communication). The no-glue sample’s nonlinearity agreed with the 
recommendation and suggestions of the technician. Furthermore, the nonlinearity of the flawed 
samples was very similar to the pristine samples. 
 
The data acquisition software could measure the sideband ratio and return it with 1x 10-9 accuracy. So, 
the uncertainty of the system should be ±5x10-8. This value was extremely low when compared to the 
spread of data obtained for each sample. The sideband ratio for each sample was measured twice, and 
the average of the two measurements was used as the reported sideband ratio for the sample. After 
conducting an analysis on the difference between the two sideband ratio sweeps for each sample, it 
could be seen that the difference was much larger than ±5x10-8, and thus ±5x10-8 should not be used 
to quantify the uncertainty of the system. The nonlinearity per data acquisition sweep was calculated 
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for each sample, and the maximum deviation of nonlinearity detected within a single sample was used 
to represent the maximum range of uncertainty for any of the samples analysed. Table 4.1 shows the 
analysis data. The slope of the linear regression (nonlinearity) of each of the two data sweeps is shown, 
then the difference between these two slopes was found, and finally divided by the average sideband 
ratio for that sample at 3V (this value was called the relative variation). The final division was done so 
that the variance could be compared without the magnitude of sidebands interfering with the data 
(larger sidebands could equate to larger variance, and this was done to avoid that interfering with the 
analysis). The relative variation is a good comparison between the errors of samples, as it was the 
%error/100. 
 
Table 4.1: Uncertainty Analysis 
Sample Nonlinearity |Sweep 2 - Sweep 1| Relative 
Variation Sweep 1 Sweep 2 
Pristine A 1.82x10-4 2.99x10-4 1.17x10-4 0.161 
Pristine B 1.01x10-4 3.54x10-4 2.52x10-4 0.385 
Pristine C 9.68x10-5 8.94x10-5 7.41x10-6 0.012 
5-coat Frekote A 1.36x10-4 1.40x10-4 3.14x10-6 0.004 
5-coat Frekote B 9.19x10-5 1.97x10-4 1.05x104 0.168 
5-coat Frekote C 1.06x10-4 1.02x10-4 3.22x10-6 0.007 
3-coat Frekote A 1.35x10-4 1.95x10-4 5.92x10-5 0.077 
3-coat Frekote B 1.78x10-4 7.21x10-5 1.05x10-4 0.162 
3-coat Frekote C 1.02x10-4 1.20x10-4 1.78x10-5 0.031 
Clear Plastic Edge 2.08x10-5 1.83x10-4 1.63x10-4 0.351 
Teflon Edge 6.40x10-5 9.50x10-5 3.10x10-5 0.052 
Wax 3.69x10-5 1.60x10-4 1.23x10-4 0.247 
Removed Teflon Wedge 1.88x10-4 1.12x10-4 7.67x10-5 0.141 
Teflon Strip 3.69x10-5 5.42x10-5 1.73x10-5 0.075 
No Glue 2.38x10-3 2.92x10-3 5.44x10-4 0.057 
Aluminium Dust 1.82x10-4 2.09x10-4 2.67x10-5 0.039 
Centre Void 1.67x10-4 9.71x10-5 7.02x10-5 0.080 
Rubber Bubble 2.58x10-5 7.57x10-5 4.99x10-5 0.155 
0.5g Large Balls 1.17x10-4 1.03x10-4 1.46x10-5 0.022 
0.5g Small Balls 7.50x10-5 3.17x10-5 4.33x10-5 0.200 
2g Large Balls 6.56x10-5 1.61x10-5 4.95x10-5 0.205 
2g Small Balls 7.29x10-5 8.11x10-5 8.19x10-6 0.023 
Fewer Bubbles 4.10x10-5 5.47x10-5 1.37x10-5 0.056 
More Bubbles 1.17x10-4 1.08x10-4 8.34x10-6 0.026 
 
The largest relative variation observed was for the Pristine B sample, at 38.5%. This value was taken as 
the error range for any nonlinearity value (e.g. the nonlinearity for the Pristine A sample was 2.41x10-
4 ± 19.25%, or 2.41x10-4 ± 4.64x10-5). This error is significant, and limits the ability for a trend to be 
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deduced from the strength/nonlinearity data or conclusions to be drawn with a high degree of 
confidence. 
 
The samples with mould release showed a significant decrease in bond strength compared to the other 
samples. The mean bond strength of the weak bond samples, excluding the cloth applicator sample, 
was 1271N. The mean bond strength of all the data was 7937N. Thus, the weak bond samples exhibited 
bond strength 16% that of the average of all the samples (except the no-glue sample). Looking at the 
nonlinearity values to correspond to these numbers, the weak bond samples had a nonlinearity of 
0.000127, whereas the mean nonlinearity of all samples was 0.000110 (except the no-glue sample). 
The difference between these two means was 0.000017. When the range of nonlinearity data was 
considered (0.000181), the difference between the two means was extremely insignificant (9% of the 
total range, falling within the uncertainty for the nonlinearity). In addition to this, all the weak bond 
samples exhibited nonlinearities within the range of the other data, therefore it was indistinguishable 
from the higher strength samples using only the ultrasonic testing.  
 
It was interesting to note that the highest two nonlinearities observed (except for the no-glue sample) 
were from pristine samples. This meant that the pristine samples had more detectable flaws than the 
physically flawed samples, including the samples from the third batch where the adhesive was 
embedded with glass balls. This could be interpreted to mean that the sample preparation process was 
severely flawed, in that a ‘pristine’ sample possessed sufficient flaws to have more nonlinearity than a 
sample with intentionally introduced flaws. Alternatively, this could also indicate that the samples 
which were intentionally compromised were no more flawed than the pristine samples (i.e. all the 
samples were essentially pristine and free of significant flaws when analysed with nonlinear 
ultrasonics). 
 
To summarise the results and analysis up to this point, it was deemed that the nonlinearities of all 
samples were too low to reliably indicate a flaw. This claim was substantiated through the very low 
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nonlinearities of the samples in comparison to the no-glue sample, and the opinion of the technician 
and his experience working with nonlinear ultrasonic testing. Further to this, the uncertainty of the 
nonlinearity was large in comparison to the data, rendering it difficult to determine trends from the 
data. 
 
4.1.1. Thickness Comparison 
An additional investigation was conducted to determine whether there was any correlation between 
bond size and the nonlinearity of the bond. To complete this investigation, the thickness of the bond 
was measured at four points of the bond. The measurement locations are shown in Figure 4.6. 
Figure 4.6: Measurement locations for bond size investigation 
 
The thickness of the whole sample at these points was measured, and the thickness of the bond was 
calculated by subtracting the 8mm thickness of the two aluminium pieces. As the aluminium was 
sanded between each sample, the accuracy of the adhesive layer thickness measurement degraded as 
samples continued to be made from that piece, however this was deemed insignificant to the 
investigation. The data collected for the samples are shown in Table 4.2 (Note: data was not available 
for the samples in the second batch), along with the average thickness of each adhesive layer, and the 
maximum thickness variation within the adhesive layer (i.e. maximum thickness – minimum thickness). 
  
1 
2 
3 
4 
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Table 4.2: Adhesive Layer Thickness Data 
 Thickness (μm) 
Sample Location 1 Location 2 Location 3 Location 4 Average Range 
Pristine A 9 25 18 21 18.25 16 
Pristine B 16 22 16 21 18.75 6 
Pristine C 17 16 6 20 14.75 14 
3-coat Frekote A 18 11 16 14 14.75 7 
3-coat Frekote B 23 10 23 14 17.5 13 
3-coat Frekote C 4 6 8 3 5.25 5 
5-coat Frekote A 7 31 22 36 24 29 
5-coat Frekote B 9 9 9 1 7 8 
5 Coat Frekote C 11 4 5 3 5.75 8 
2g Large 8.75 720 693 673 694.25 47 
2g Small 8.414 414 400 385 398 29 
0.5g Large 8344 440 400 390 408.75 50 
0.5g Small 8.069 69 246 431 241 362 
Few Bubbles 8.433 433 429 438 433 9 
More Bubbles 8.056 56 131 283 170.25 227 
 
The average thickness and the maximum thickness variation of each of these samples should be 
compared against the nonlinearity of each sample. Figure 4.7 shows the average thickness of each 
sample graphed against the nonlinearity of each sample, and Figure 4.9 shows the thickness range of 
the bonds with their nonlinearity. 
Figure 4.7: Average thickness of bonds and nonlinearity 
 
Looking at Figure 4.7, it appeared that a trend did exist between the thickness of the adhesive and the 
nonlinearity of the sample. This trend followed an inversely proportional relationship. This relationship 
seemed unreasonable, as a thicker bond has more opportunity for flaws to occur, and thus a thicker 
bond should have a higher nonlinearity. Based off this, there was potential that the choice of adhesive 
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masked the ability for the ultrasonics to detect the flaws. Potentially the adhesive was sufficiently 
flexible with a lack of rigidity that the clapping of cracks (and hence modulation of the ultrasonic waves) 
was unable to occur. The proof-of-concept (PoC) testing (see Section 3.3.1: Proof-of-Concept Testing) 
used a different adhesive to the other samples made in this research. The magnitude of the 
nonlinearity of the PoC samples was lower in comparison to the magnitude of the samples made using 
the Hysol 3421. This could be seen to refute the argument of the adhesive being at fault for the low 
nonlinearity, however the PoC samples were all made to be pristine samples, and thus a low 
nonlinearity was expected. Figure 4.8 shows the same data as Figure 4.4, but with the PoC samples 
included. 
Figure 4.8: Proof-of-concept data comparison 
 
It could be argued that, in Figure 4.9, there is a negative proportional trend shown between the 
thickness range and the nonlinearity of a bond. The thickest three bonds however could be outliers 
and removed from consideration, and if this was done, then no correlation could be observed. This 
result confirms the findings of Davies, et al. (2009).  
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Figure 4.9: Thickness range of bonds and nonlinearity 
 
4.1.2. Inherent Sideband Ratio Comparison 
The ‘nonlinearity’ of a sample is the rate of change of sideband growth as the low frequency amplitude 
is increased. The magnitude of the sideband ratio for each sample was different, and this subsection 
looks at investigating the inherent sideband ratio magnitude for each sample. Whenever the sideband 
ratio for a sample is referred to, it refers to the sideband ratio with a pumping frequency input voltage 
of 3V. Figure 4.10 shows the magnitude of the sideband ratio compared against the nonlinearity of 
each sample, and Figure 4.11 shows the initial sideband ratio compared with the bond strength of each 
sample. 
Figure 4.10: Sideband magnitude comparison 
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In Figure 4.10, a possible correlation between the sideband ratio and the nonlinearity of each sample 
was apparent and followed a directly proportional trend between the two. This trend suggested that 
the nonlinearity of each sample directly related to the size of the sidebands of that sample, meaning 
that larger sidebands were indicative of a larger nonlinearity within the sample. This could also imply 
that the nonlinear ultrasonic approach used was ineffective at gleaning extra information from the 
sample as opposed to a linear approach similar to the one used by Yan et al. (2009).  
Figure 4.11: Sideband magnitude comparison 2 
 
Figure 4.11 compared the sideband ratio with the failure load of each of the samples. There 
appeared to be no correlation observable. 
 
4.2. Discussion 
This section of the report discusses possible faults within the data and discusses how the fault would 
affect the data. The potential faults identified and discussed are the common presence of small 
bubbles within the adhesive, and how the adhesive failed for each sample.  
 
4.2.1. Presence of Air Pockets in the Adhesive Layers 
When each sample was created, great care was taken to eliminate the presence of air pockets from 
the adhesive layer. During manufacturing of each sample, the adhesive was carefully placed on the 
surface to avoid trapping air pockets under the adhesive, and the top piece of aluminium was placed 
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so that minimal air pockets were introduced to the adhesive layer. Further to this, the two pieces of 
aluminium were moved relative to each other to spread the adhesive and achieve full coverage. In 
addition to full coverage, this also removed some air pockets from the adhesive  which were present. 
The sample was then aligned using the gluing jig and was left for the adhesive to cure for 24 hours. 
After the lap shear testing on the samples, it was noted that the adhesive layer, despite the precautions 
taken, still showed the presence of air pockets. 
 
Images of every bond after the lap shear test can be seen in the Appendix, but reproduced here are 
examples of the air pockets present with an indicative spread of the volume and number of pockets 
across all the samples. The reproduced samples are shown in Figure 4.12, Figure 4.13, Figure 4.14, and 
Figure 4.15. The black arrows in each figure point to the air pockets found within the adhesive. 
 
Figure 4.12: Aluminium dust sample 
 
Figure 4.13: 3-coat Frekote sample (b) 
Figure 4.14: Teflon strip sample 
 
Figure 4.15: More bubbles sample 
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Figure 4.12 shows the adhesive layer from the aluminium dust sample, and the air pockets in the 
adhesive were clearly visible against the darker adhesive where the aluminium dust was. This size of 
the air pockets were larger than most sample’s air pockets. Air pockets of this size were expected from 
the aluminium sample, as the process of moving the two aluminium pieces relative to each other was 
completed with a much smaller motion, to not spread the aluminium throughout the adhesive layer.  
 
Figure 4.13 shows the adhesive layer from one of the 3-coat Frekote samples. The air pockets were 
much smaller than the aluminium sample, and were of approximately the average size for the samples. 
It was encouraging that the air pockets in this sample were much smaller than the air pockets in the 
aluminium dust sample, as that meant that the process of moving the two aluminium pieces relative 
to each other to try to remove the air pockets from the adhesive prior to letting the sample cure, 
achieved its goal of removing some air pockets from the sample. It was somewhat disconcerting that 
all the air pockets were not removed through this method however. 
 
Figure 4.14 shows the adhesive layer from the Teflon strip sample. The air pockets in this sample were 
approximately the same size as the frekote sample shown in Figure 4.13, except for one air pocket next 
to where the Teflon strip was located. It was thought that the larger air pocket was unable to be 
removed from the sample effectively due to the Teflon strip inhibiting the air removal process. 
 
Figure 4.15 shows the adhesive layer from the more bubbles sample. This sample contained numerous 
air pockets, however the air pockets were much smaller than the average size found across all the 
samples.  
 
Air pockets similar to the ones shown here were observed across all samples. These air pockets were 
not intended (except for the more bubbles sample and the fewer bubbles sample), and thus the 
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precautions implemented to remove them were not satisfactory enough. It was hoped that the 
adhesive layer would not contain any air pockets, as the air pockets were believed to create 
nonlinearity within the sample, and thus impact the controllability of the nonlinearity of the sample 
through sample design. 
 
4.2.2. Failure Methods for The Samples 
When looking at the samples after the lap shear testing, it was noted that the samples  failed in one of 
three different manners: adhesive-aluminium bond failure, adhesive-adhesive failure, or a mixture of 
these two (hereafter referred to as a ‘hybrid failure’). Figure 4.12 and Figure 4.13 show an adhesive-
aluminium bond failure (the samples separated only along the bond between one of the adhesive-
aluminium bonds). Figure 4.15 shows a hybrid failure (most of the break is along an adhesive-
aluminium bond, however the fault jumps between the two adhesive-aluminium bonds). Only one 
adhesive-adhesive failure was observed. This failure belonged to the 2g of small balls sample. This 
sample is shown in Figure 4.16. In this sample, there is a large adhesive-aluminium bond failure, but 
most of the area is an adhesive-adhesive failure. 
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Figure 4.16: 2g of small balls sample 
 
Adhesive-aluminium failure was the intended failure in the samples involving Frekote coats. In all of 
the 5-coat and 3-coat Frekote samples, this failure was observed. Further to these samples, a complete 
adhesive-aluminium failure was observed in the removed Teflon wedge, the wax mould release, and 
the 0.5g of small balls samples. Hybrid failures occurred in all other samples, with the 2g of small balls 
sample providing the only instance of an adhesive-adhesive failure. 
 
The largely adhesive-adhesive failure of the 2g of small balls sample is encouraging, as the purpose of 
imbedding the balls in the adhesive was to achieve ball-to-ball interactions and potentially small-scale 
cracks. This was achieved as the weakest point in this sample was the small gaps of adhesi ve between 
the glass balls (the same location as the failure). 
 
Adhesive-adhesive failure 
Adhesive-aluminium failure 
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Figure 4.17 shows the same data as Figure 4.4, however the data is colour coded according to the 
failure type. This was done to investigate whether there was any correlation between the failure type 
and either the bond strength and/or the nonlinearity of the sample.  
 
Figure 4.17: Failure type comparison 
 
The data in Figure 4.17 shows no correlation between the failure type and the nonlinearity of the 
sample. However, there was a correlation between the failure type and the failure load of the sample. 
The correlation shows that the adhesive-adhesive bond fails at a higher load than the adhesive-
aluminium bonds created in the samples. This implied that the adhesive bonded better to itself than 
to the aluminium surface. 
 
4.3. Recommendations 
The experimental results have been unable to show a correlation between the nonlinearity of a bond 
and the strength of a bond. The lack of a correlation could have been due to the inability of the 
ultrasonic testing method to detect the flaws created in the samples. Meo, et al. (2008) could use wave 
spectroscopy methods to detect flaws within composite plates, so there has been experimental 
evidence to show that this method can be used to detect flaws. The flaws created by Meo, et al. were 
in composite plates exposed to a low velocity impact resulting in delamination on one face of the 
composite plate. Through this research, it was hoped that a flaw similar to a delamination could be 
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produced within the samples. It was unable to be shown whether this happened or not and thus  a 
more in-depth analysis of the way in which the flaws are created should be investigated. The use of an 
ultrasonic agitator (like an ultrasonic bath) could be investigated for its ability to artificially age samples 
and extend cracks. Through the use of the ultrasonic agitator, the potential for proper cracks and a 
‘process zone’ could arise and be partially controlled. 
 
Regarding experimental design, it was felt that the apparatus was correctly designed, however an issue 
with the sample preparation was a common theme throughout the experimentation. Unwanted air 
pockets within the adhesive layer was an issue which was not completely mitigated by the sample 
preparation procedures. It is recommended that future samples be created within a vacuum to remove 
air pockets within the adhesive layer. The presence of air pockets in the adhesive could be more strictly 
investigated, as the vacuum sample should have significantly less, if any, air pockets compared with 
one made similarly to the samples from this research.  
 
It is recommended that testing with different adhesives be conducted too. This is to examine the 
potential for material properties of the adhesive affecting the ultrasonics, as hypothesised due to the 
trend between the thickness of the adhesive layers and the nonlinearity of each sample .  In a similar 
vein to this, the thickness of the aluminium plates could also be varied to investigate their effect on 
the nonlinearity of the sample. 
 
Examining previous experimental work done using this technology, such as Dronskoy, et al. (2001), it 
was noted that the sample was excited at one of its natural frequencies, as well as the high frequency 
probing wave. Dunn, et al. (2014) used the sample’s natural frequency in his finite element model for 
examining nonlinear ultrasonics. The frequencies used in this research did not use the natural 
frequency of the sample, but instead used the natural frequency of the speaker. The effects of this 
were unable to be investigated, however this could be the cause for the very low nonlinearity results. 
If the sample was excited at a non-fundamental frequency, the response within the sample would have 
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been less than ideal, and thus the results would have been lower than expected (the same as the 
experimental nonlinearities suggest). 
 
To conclude the recommendations, if this experiment is to be conducted again, it is recommended 
that, primarily, the sample creation procedure be more precisely controlled. This includes better 
designed samples with flaws more akin to those created in composite plate delaminations, and curing 
the adhesive within a vacuum to remove air pockets from the adhesive. In addition to this, the adhesive 
used in the samples should be varied to investigate the effects of the adhesive on the ultrasonic testing.  
When testing the samples, the samples should be excited at their natural frequency to obtain a larger, 
more discernible nonlinearity from the samples.  
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5. Reflection 
Throughout this project, I have noticed a development of myself as a professional engineer. I have 
gathered a greater appreciation for more strict time management practices than I am used to. The 
weekly workshops run by the School helped me organise my time and management of the engineering 
research project. I have also felt part of a more legitimate team than a group project for my other 
courses, and being part of the research group in the lab has been an enjoyable experience with great 
learning opportunities. In order to be respected within this group (and also complete this research), I 
needed to obtain an in-depth understanding of the concepts related to my research.  I was then 
required to apply this knowledge to design the experimental method and procedures. In addition to 
this, I have been required to draw upon my knowledge base of other engineering analyses, such as 
shear strength calculations, and material ultimate yield strength calculations. Applying these concepts 
to the research has shown me that in order to do a small calculation, it may be required to pull from a 
much wider knowledge base to complete the calculation. This has cemented my understanding of this 
knowledge and was particularly rewarding when I was able to apply some knowledge from a couple of 
years ago to today’s work. During this research, I made a mistake in my research, and that mistake 
propagated somewhat into the design of the project. This was the first time in my degree where I had 
made a mistake of this severity and I was required to own up to the error, de monstrating my ethical 
conduct.  
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6. Conclusion 
This research set out to find a correlation between the bond strength of an adhesive bond as 
characterised by a single lap shear test and the nonlinearity of the bond as detected via nonlinear 
ultrasonics. The results showed a potential inversely proportional trend between the two, however 
this trend was not able to be confidently reported due to the uncertai nty of the nonlinearity 
measurement. Additional analysis of the results revealed other trends within the data. It was seen that 
a trend between the magnitude of the sideband ratio and the nonlinearity existed, along with a 
correlation between the thickness of the adhesive layer and the nonlinearity of the sample. The 
thickness/nonlinearity trend was an inversely proportional trend, and the sideband 
magnitude/nonlinearity trend was a proportional trend. These findings suggested that the nonlinear 
ultrasonic method was unable to detect flaws within the samples, however this conclusion 
contradicted prior research which suggested that the ultrasonic method should have been able to 
detect the flaws. It was noted that no sample produced could be confirmed to posse ss a crack with 
complete certainty, so this limited the findings of this research in terms of crack detection. This does 
suggest, however, that the ultrasonic method is unable to detect flaws similar to the ones created in 
the samples when using the selected analysis frequencies. It was recommended that the effect of the 
adhesive material properties on the ultrasonic waves be investigated. It was postulated that the 
adhesive choice in this research or the excitation frequency chosen may have masked the flaws from 
the ultrasonic testing. Furthermore, it was recommended that future research create samples within 
a vacuum, so that air pockets are not present within the adhesive layer.  
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Appendix 
This appendix includes images each sample’s bond after the lap shear testing was completed. 
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